Complex vertebral malformation (CVM), a hereditary lethal disease in Holstein calves, is characterized by complex anomalies of the vertebral column and limbs in an aborted fetus and in prematurely born, stillborn, and neonatal calves. The mode of inheritance of CVM is autosomal recessive, and CVM is caused by a point mutation from G to T at nucleotide position 559 of the bovine solute carrier family 35 member 3 (SLC35A3) gene. Although an allele-specific polymerase chain reaction (AS-PCR) is a useful method for diagnosis of CVM, the AS-PCR requires selected DNA polymerases and strictly controlled reaction conditions to obtain reliable results. Therefore, an alternative screening method for the CVM gene would be useful. Polymerase chain reaction-primer introduced restriction analysis (PCR-PIRA) is a method that can be used for detecting a single nucleotide mutation in any gene without a restriction site around the mutation site. In this study, primers were designed to introduce PstI or EcoT22 sites into PCR products from the wild-type and CVM alleles, respectively. The wild-type allele, a heterozygote, and a homozygote of the CVM allele could be discriminated by restriction fragment length polymorphism analysis. Specific introduction of restriction sites into PCR products depending on the change in a single nucleotide of template was shown using a variety of DNA polymerases and PCR machines. Therefore, the PCR-PIRA technique using primers designed in this study might provide a more useful method for extensive screening of CVM.
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a. Dolethal, Vétoquinol SA, Lure, France. aborted, and preterm calves. 1 Affected calves are characterized by shortened cervical and thoracic regions of the vertebral column, bilateral symmetric contraction of the metatarsophalangeal joints, and symmetric arthogryposis. 1, 3, 8, 11 Multiple hemivertebrae, scoliosis, and synostosis of the vertebral column have also been reported. 1, 3, 8, 11 Complex vertebral malformation was first identified and characterized in Holstein cattle in Denmark. 1 Two common ancestors in pedigrees of CVM were found; both were elite sires of US Holstein origin. Because of the widespread international use of semen from the sires in pedigrees of affected calves, it is expected that CVM will occur in many countries. Indeed, the occurrence of CVM in Holstein calves has been reported recently in the United States, 3 the United Kingdom, 11 and Japan. 8 The Danish Institute of Agricultural Science has determined that the mode of inheritance of CVM is autosomal recessive and that CVM is caused by a point mutation from G to T at nucleotide position 559 of the bovine solute carrier family 35 member 3 (SLC35A3) gene (Ministeriet for Fodervarer, Landburg og Fiskeri Danmarks Jordbrugsforskining, International Patent WO 02/40709 A2, 2002) and developed a detection method using an allele-specific polymerase chain reaction (AS-PCR). They provide 2 primer sets complementary to G for the normal allele and T for the CVM allele at nucleotide position 559 of the bovine SLC35A3 gene. Specific amplification can be obtained if the 3Ј end of the oligonucleotide matches the desired alleles, but a mismatched allele is poorly amplified if at all because mismatch prevents efficient elongation from the 3Ј ends of primers by DNA polymerase. Wild-type and CVM alleles can be distinguished by detection of amplified bands from either the primer for G or the primer for T. The amplified bands can be resolved by agarose gel electrophoresis with no additional manipulation. 5, 12 Although the AS-PCR is useful in the diagnosis of CVM, it requires a selected DNA polymerase 7 and strictly controlled reaction conditions to obtain reliable results. Thus, the development of an alternative method may be necessary for extensive screening for the CVM gene.
Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) is a reliable method for detection of single nucleotide mutations and genetic polymorphisms because digestibility by restriction endonucleases strictly depends on nucleotide sequences of PCR products. However, there are no restriction sites around the 559th nu-cleotide of the SLC35A3 gene. Polymerase chain reactionprimer introduced restriction analysis (PCR-PIRA) is a method for detection of single nucleotide mutations by introducing artificial restriction endonuclease sites using primers containing mismatches. 4 This method has been used for detection of single nucleotide mutations of a variety of genes. 2, 6, 9 For CVM screening, 2 primer sets were designed. One included an EcoT22I site in the amplified product from the CVM allele and the other included a PstI site in the amplified product from the wild-type allele ( Fig. 1 ). Both primers were complementary to sequence from nucleotides 537 to 554 of the bovine SLC35A3 gene, but 2 nucleotides at the fourth and fifth positions from the 3Ј ends of the primers were different. Three nucleotides at the 3Ј ends of both primers were matched to nucleotides 556-558 of both the wild-type and CVM alleles. The EcoT22I and PstI sites were introduced in PCR products depending on the nucleotide sequences of templates ( Fig. 1) .
To examine the effects of mismatches of 2 nucleotides in the primers on specific introduction of restriction sites, 2 clones were constructed. A total of 233 base pair (bp) fragments including a part of exon 4 and intron 4 sequence (nucleotides 536-637 of exon 4 and 132 bp of the intron 4 sequence) were amplified using 3Ј alteration primers in which the 559th nucleotide was G or T of the bovine , and DNA polymerase having high proofreading activity k (E) were used. Eco represents amplified products using EcoT22I forward primer, which were digested with EcoT22I. Pst represents amplified products using PstI forward primer, which were digested with PstI. The digested PCR products were analyzed by agarose gel electrophoresis. M represents a molecular weight marker (100-bp ladder marker p ). NC represents a negative PCR control without a template. tial denaturation at 94 C for 1 minute, 30 cycles of 94 C for 30 second, 56 C for 30 second, and 72 C for 30 second followed by a final extension at 72 C for 2 minute. The PCR products were cloned into a plasmid vector. b Clones containing 233-bp fragments from normal and CVM alleles were designated as G-233 and T-233, respectively. Sequences of the clones were confirmed by the DYE terminater method using a cycle sequencing kit e with an autosequencer f according to the manufacturer's protocol.
The PCR-PIRA was carried out using G-233 or T-233 as a template, 5 types of polymerases c,h-k (1 normal Taq polymerase, h 2 hotstart Taq polymerases, c,i and 2 polymerases j,k that have proofreading activity) and 3 brands of PCR machines. d,l,m The PCR reactions were carried out with 10-l reaction mixtures according to the manufacturer's directions except that the annealing temperature was 56 C and the num-ber of amplification cycles was 25. The PCR products were digested with EcoT22I n or PstI o at 37 C for 1 hour in a 10l reaction mixture containing 8-l PCR products, 5 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 10 mM NaCl, 0.1 mM dithiothreitol, and 0.01 units of EcoT22I or PstI. The digested fragments were electrophoresed in Tris-borate-ethylenediaminetetraacetic acid, 3% (wt/vol) agarose gel g stained with ethidium bromide and observed under an UV transilluminator. Although all combinations of DNA polymerases and PCR machines yielded 233-bp PCR products, EcoT22I digested only PCR products from T-233 and PstI digested only PCR products from G-233, except for 1 DNA polymerase k (Fig. 2) with a high proofreading activity. It is possible the mismatched nucleotides between the template and the primer may be recognized by the high proofreading activity and digested by the 3Ј-5Ј exonuclease activity of Figure 3 . Analysis of CVM allele by the PCR-PIRA method. The PCR-PIRA was performed as described in the text using DNA samples from normal, carrier, and CVM calves as templates. Eco represents amplified products using EcoT22I forward primer, which were digested with EcoT22I. Pst represents amplified products using PstI forward primer, which were digested with PstI. The digested PCR products were analyzed by agarose gel electrophoresis. M represents a molecular weight marker (100-bp ladder marker p ). that polymerase. These results showed that the CVM allele can be detected by PCR-PIRA using the designed primers despite the presence of 2 nucleotide mismatches and that Taq polymerase and DNA polymerase lacking high proofreading activity and widely used PCR machines can be used for the detection.
The PCR-PIRA was performed with genomic DNA samples extracted from the blood of Holstein calves as described above. Genomic DNA samples from 3 CVM-normal and 8 CVM-carrier Holstein calves, which were diagnosed by AS-PCR method, were kindly provided by the Livestock Improvement Association of Japan. Genomic DNA from whole blood of a CVM-affected Holstein calf, which was also diagnosed by AS-PCR method, 9 was isolated using a DNA isolation kit. a The PCR products from normal calf DNA samples were digested by PstI but not by EcoT22I, and PCR products from CVM calf DNA samples were digested by EcoT22I but not by PstI. The PCR products from CVMcarrier calf DNA samples were digested by both EcoT22I and PstI (Fig. 3) . These results showed that the PCR-PIRA method using the primers designed in this study can be used for discrimination between wild-type and CVM alleles of Holstein calves.
If cows and bulls that have a CVM gene are not used for breeding, the mutated gene can be removed from the cattle population in the same manner as a gene of bovine leukocyte adhesion deficiency has been successfully eliminated. 10 However, if the disease gene was linked to excellent traits such as high milk yield in Holstein cattle, elimination of the disease gene might result in elimination of superior traits. It is well known that the mode of inheritance of most genetic diseases is recessive. Therefore, control of the disease gene might be preferable to its elimination. To control the disease gene, extensive screening is necessary for detection of carriers, especially cows. This study has shown that PCR-PIRA is a reliable and useful method for extensive screening for the CVM allele using DNA polymerase and PCR machines that are widely used in diagnostic laboratories.
Acknowledgement. Gratitude is expressed to the Livestock Improvement Association of Japan, Maebashi, Gunma, Ja-pan, for the generous donation of genomic DNA samples from normal and CVM-carrier calves. 

